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Abstract  
Seaweed (macroalgae) is considered as a sustainable bioresource rich in high-quality 
nutrients such as protein. Seaweed protein can be used as an alternative to other protein sources. 
Furthermore, these proteins are natural reservoirs of bioactive peptides (BAPs) associated with 
various health benefits such as antioxidant, antihypertensive and antidiabetic activities. However, 
seaweed derived BAPs remain underexploited due to challenges which arise during protein 
extraction from algal biomass. Coupled with this, limited proteomic information exists regarding 
certain seaweed species. This review highlights the current state of the art of seaweed protein 
extraction techniques, e.g., liquid, ultrasound, microwave, pulsed electric field and high hydrostatic 
pressure assisted extraction. The review also focuses on the enzymatic hydrolysis of seaweed 
proteins and characterisation of the resultant hydrolysates/peptides using electrophoretic and 
chromatographic techniques. This includes reference to methods employed for separation, 
fractionation and purification of seaweed BAPs, as well as the methodologies used for identification, 
e.g., analysis by mass spectrometry. Furthermore, a bioinformatics or in silico approach to aid 
discovery of seaweed BAPs is discussed herein. Based on the information available to date, it is 
suggested that further research is required in this area for the development of seaweed BAPs for 
nutraceutical applications.  
Color online: See article online to view Fig. 1 in color. 
Introduction 
Macroalgae (seaweeds) are composed of a group of multicellular marine algae which can be 
divided in three types: red (Rhodophyta), brown (Phaeophyta) and green (Chlorophyta) algae based 
on their thallus colour [1]. Edible seaweeds are consumed worldwide and they have been associated 
with healthy diets due to their nutritional composition and health enhancing properties [2]. 
Seaweeds are rich in carbohydrates, proteins, lipids, phenolic compounds, pigments, minerals and 
vitamins [3]. The protein content in seaweed is variable depending on the species, season as well as 
the environmental conditions [4]. In recent years, seaweeds have received much attention as 
potential sources of bioactive peptides (BAPs) [5]. BAPs are short protein fragments which possess 
bioactive properties, e.g., antioxidant, antihypertensive, anti-inflammatory and antidiabetic activities 
[6]. BAPs may find application as a natural alternative to synthetic drugs for the management of 
certain conditions such as those related to cardiovascular diseases. The generation of BAPs from 
food substrates involves a series of steps as outlined in Figure 1. However, seaweeds have very 
complex structures consisting of covalently bound polysaccharides and proteins which makes the 
BAP generation process challenging [7]. Furthermore, the proteome of some seaweed species has 
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not yet been elucidated which in turn can limit the process of peptide identification. Therefore, the 
selection of appropriate processing and analytical techniques is necessary in order to overcome 
these limitations. 
This review focuses on the techniques applied for the generation and the discovery of BAPs from 
seaweed. This includes the different techniques employed in protein extraction, peptide generation 
along with peptide characterisation, purification and identification.  
Extraction of proteins from macroalgae  
Protein fractions are located in different parts of macroalgae biomass including the cell wall, 
cytoplasm and organelles, e.g., phycobiliproteins are located in the chloroplast stroma [8,9]. The 
reported protein contents in macroalgae vary from 1.3 to 47% (w/w) dry weight, depending on 
species, growth season and geographical location of harvest [7,9-14]. Some red seaweeds have 
higher protein contents than some other protein-rich food sources such as soybean, cereals, eggs 
and fish [15]. However, the yields obtained during the extraction of proteins from algal sources are 
significantly lower than that from protein-rich crops, e.g., soybean, lupine and pulses [16]. 
Therefore, significant developments are required in order to efficiently exploit macroalgae as an 
alternative source of sustainable protein.  
Protein extraction is a key process in the discovery of algal-derived BAPs. However, this 
process can be complicated due to the complexity and rigidity of macroalgal cell wall as well as the 
presence of polysaccharides (such as alginates) and polyphenols [17]. Protein extraction from 
macroalgae generally involves disruption of cell walls and removal of other non-protein nitrogen 
compounds. A number of food-grade approaches have been employed for cell disruption to improve 
protein accessibility and thus extraction yields. Such approaches include chemical, enzymatic, 
microwave and pulsed electric field treatments, high-pressure disruption, ultrasonication and super-
/sub-critical water extraction [7,8,15,18-22]. The advantages and disadvantages of these techniques 
are summarised in Table 1.  
Moreover, the physiological and biochemical characteristics, particularly the type of proteins 
present, in different macroalgal phylae and species can impact the extraction efficiency [14,16]. 
Additional factors that may affect protein extraction include biomass concentration, extraction 
temperature and duration of extraction (protein solubilisation or precipitation). Furthermore, the 
method/reagents employed during protein extraction have a significant impact on biological activity 
of the proteins/peptides [23]. Therefore, the extraction method applied for an individual species 
must be carefully chosen in order to achieve a maximum protein recovery [24]. The different 
techniques used for macroalgal protein extraction along with examples of the optimum conditions 
employed are summarised in Table 2. A brief description of different protein extraction processes is 
described herewith. 
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Drying and sample preparation 
Post-harvest processing, i.e., biomass drying methods (freeze-, vacuum-, solar- and 
convective drying), plays an important role in protein yield from seaweeds along with affecting their 
functional properties. For instance, higher yields of protein extracted (using the pH-shift method) 
were reported from brown seaweed (Saccharina latissimi) biomass when using freeze-drying, oven-
drying and freezing (at -20°C) when compared to extraction from frozen (at -80°C), sun-dried and 
ensiled biomass [25]. Similar results were observed by Badmus, U. O., Taggart, M. A. and Boyd, K. G. 
[26] who showed that freeze-drying prior to protein extraction resulted in higher protein content as 
well as antioxidant activity in five species of brown seaweeds (Fucus spiralis, Laminaria digitata, 
Fucus serratus, Halidrys siliquosa, Pelvetia canaliculata). In the case of the green seaweed, Ulva sp., 
a convective drying (hot air at 70°C, air flow rate of 2.0 m/s for 120 min) method gave higher crude 
protein yield (20%) compared to freeze-, vacuum- or solar-drying [27]. Moreover, the biomass 
obtained from a convective drying had higher antioxidant activity. Therefore, the post-harvest 
processing of seaweed must be carefully chosen in order to maximise the yield and the functional 
properties of the extracted protein.  
 
Liquid extraction 
 Liquid extraction is considered as the conventional method for extraction of protein from 
seaweed. Various liquid reagents have been employed such as distilled water, buffer, acid or base 
solutions and lysis/surfactant containing solutions [12,28]. The overriding maxim is that non-toxic 
reagents must be employed when extracting protein for food applications. 
 Addition of distilled water to seaweed to enable osmotic shock and facilitate protein 
extraction is recognised as one of the simplest green extraction conditions. However, this is 
governed significantly by the quantity of water-soluble proteins within the algae. The yield obtained 
is generally relatively low compared to other liquid extraction systems. Acid and alkaline solutions 
have been extensively used for macroalgal protein extraction. A sequential acid-alkaline extraction 
was reported as the most effective method for protein extraction from the brown seaweed, 
Ascophyllum nodosum, yielding a 59.75% (w/w) protein (Table 2) [29]. The use of acid prior to 
solubilisation with alkaline solution has been shown to aid the release of polysaccharides and 
proteins located in the cell wall matrix. This approach can facilitate protein solubilisation by 
subsequent alkaline extraction and thereby increase protein recovery [29]. The application of acidic 
solutions to obtain protein-rich pellets has been reported for Ulva ohnoi using 0.05 M HCl at 85°C for 
60 min with a view to separating the polysaccharide ulvan from the proteins [30]. On the other 
hand, sequential alkaline and acid extraction of red and brown seaweeds, Porphyra umbilicalis and S. 
latissimi, resulted in a recovery of 22.60 and 25.10% (w/w) protein, respectively [31] (Table 2). This 
approach was reported to be more effective for red and brown seaweeds compared to the green 
species (specifically Ulva lactuca) [31]. 
Different reagents have been used to solubilise or precipitate crude protein from 
macroalgae, e.g., ammonium sulphate, trichloroacetic acid, urea and organic solvents. These 
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reagents have been used for solubilisation and/or pre-precipitation of algal proteins prior to further 
isolation and fractionation of other compounds of interest, e.g., phenolics or polysaccharides. The 
use of polyethylene glycol-1450 in potassium phosphate (pH 6.0) in combination with pre-
precipitation with ammonium sulphate was reported to efficiently extract R-phycoerythrin (R-PE) 
from Gelidium pusillum resulting in a 72% yield [32]. This process, i.e., combined precipitation and 
two-phase separation proved highly beneficial in achieving high purity protein samples, such as R-PE, 
which possesses various bioactive properties [32].  
Another factor hindering protein extraction from macroalgae is the nature of seaweed 
proteins which are covalently cross-linked with polysaccharides via disulphide bridges within cell wall 
assemblies [33]. Alkaline solutions in combination with reducing agents have been employed to 
dissociate proteins from polysaccharides, in turn improving alkaline soluble protein yield. Although, 
β-mercaptoethanol was reported to significantly increase protein yield, it has limitations in food 
applications. Therefore, a food-grade reducing agent, N-acetyl-L-cysteine (NAC), has been used to 
aid protein extraction from macroalgae [17,33]. It was shown that the concentrations of NaOH and 
NAC used had a significant effect on the concentration of alkaline soluble protein extracted from 
Palmaria palmata [17,33]. Using an optimised protein extraction protocol (combining alkaline with 
reducing agent) a protein recovery of ~49% was obtained from P. palmata (Table 2)  [17].  
 
Enzyme-assisted protein extraction 
Enzyme-assisted extraction is one of the most studied techniques used to disrupt the 
macroalgal cell wall. The application of targeted polysaccharide digesting enzymes such as cellulases, 
hemicellulases, β-glucanases and xylanases has been described as a food-grade approach to disrupt 
the macroalgae cell wall along with the intracellular polysaccharides [15]. While a range of enzyme 
preparations are commercially available, in some cases, an enzyme cocktail has also been used for 
this purpose [34]. However, seaweed cell wall composition can vary among phyla and species and, 
therefore, appropriate selection of carbohydrase(s) activity is required [8]. The red and green 
seaweeds are the most studied with respect to enzyme-assisted protein extraction as opposed to 
the brown seaweeds which have a more complex cell wall composition due to having higher 
amounts of uronic acids [35]. A greater protein yield has been reported with red (Solieria chordalis) 
compared to green (Ulva sp.) and brown (Sargassum muticum) seaweeds when enzyme-assisted 
extraction has been employed [36]. Therefore, the specific cell wall composition of individual 
species, as well as the optimum operating conditions (enzyme:substrate (E:S), temperature, pH) of 
the individual enzymes used needs to be carefully established in order to maximise protein recovery. 
With this in mind a design of experiments approach has been used to minimise the number of 
experiments performed while maximising protein yield [37].  
Cellulase-assisted extraction (using commercially available CellicCTec3®) from the brown and 
red seaweeds, Macrocystis pyrifera and Chondracanthus chamissoi, led to significantly higher 
protein yields compared to non-enzymatic processes [34]. In addition, the extraction processes were 
optimised (at a constant temperature of 50°C) using a central composite experimental design for 
both species. This yielded 36.10 and 74.60% protein for M. pyrifera and C. chamissoi, respectively 
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(Table 2). Moreover, the protein extracts were shown to exert antioxidant and angiotensin 
converting enzyme (ACE) inhibitory activities [34]. 
Furthermore, protease preparations have been employed in an attempt to improve protein 
extraction efficiency from macroalgae. A comparative study of protein extraction from Ulva 
armoricana utilising proteases and polysaccharidases was conducted with two proteases (a neutral 
and a combination of neutral-alkaline proteases) and 4 carbohydrases (a mix of carbohydrases 
composed of endo-1,4-β-xylanase/endo-1,3(4)-β-glucanase, cellulase and exo-β-1,3(4)-glucanase) 
[38]. The results showed that treatment with the neutral protease significantly increased protein 
extraction yield, i.e., 41.39% compared to an aqueous extract (38.50% (w/w)), the combination of 
neutral-alkaline proteases (26.64%) and the carbohydrase-treated extracts (25.41-34.84%). On the 
contrary, treatment with endo-1,4-β-xylanase yielded higher protein content (54.90% (w/w); Table 
2) than Umamizyme-assisted protein extraction from wet-milled frozen P. palmata [39]. Protease-
assisted extraction led to the release of proteins, peptides and amino acids which were present in 
the supernatant. Since this approach causes protein hydrolysis, it may be more appropriate for the 
direct generation of seaweed-derived BAPs rather than for intact protein recovery. A higher yield of 
alkaline soluble protein was recovered from dry-milled P. palmata following treatment with a 
combination of commercial carbohydrases (Shearzyme® 500L and Celluclast® 1.5L) [17]. This 
resulted in a total protein recovery of 8.39% (w/w) when compared to that obtained following 
osmotic shock and high shear (6.77 and 6.92% (w/w), respectively) (Table 2). Therefore, 
carbohydrase-assisted extraction may be employed to achieve high protein yield. However, the high 
amount of enzyme required, and therefore the overall cost, may not be economically feasible on a 
larger/industrial-scale (Table 1) [17]. 
 
Ultrasound/sonication assisted extraction (UAE) 
 The use of UAE has gained significant interest in maximising algal protein extraction. This 
technique facilitates cell wall breakdown by exploiting acoustic cavitation phenomena. Cavitation 
causes implosion of air bubbles resulting in microturbulence which transforms the sound wave to 
mechanical energy that disrupts the cell wall [8,15]. Two different types of ultrasound equipment 
have been employed in laboratory-scale studies, i.e., an ultrasonic water bath (more commonly used 
and inexpensive) and an ultrasonic probe with horn transducers (which are more powerful) [18]. The 
main advantages of this technique are its relatively short processing time, it is a non-thermal process 
per se and requires no organic solvent (Table 1). However, the application of high ultrasound power 
for long periods of time can lead to heat generation which may alter protein structure.  
UAE can be used simultaneously with other techniques, e.g., osmotic shock and enzymatic 
hydrolysis. Such an integrated approach has led to increased protein extraction yield. UAE and 
enzymatic hydrolysis with an enzyme cocktail (Sumizyme TG, Sumizyme MC, Multifect® CX 15 L and 
Ultraflo® XL; Table 2) gave significantly higher R-PE yield from the red seaweed, Grateloupia 
turuturu, compared to treatment without ultrasound. Moreover, the UAE approach resulted in a 
~30.9% incremental increase in nitrogen content in the UAE hydrolysate compared to non-enzymatic 
ultrasound treatment [40]. In addition, O’ Connor, J., Meaney, S., Williams, G. A. and Hayes, M. [14] 
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demonstrated that sonication combined with ammonium sulphate precipitation resulted in the 
highest protein recovery from Fucus vesiculosus and Chondrus crispus, i.e., 35.10 and 35.50% (w/w) 
protein, respectively (Table 2). This was comparing to other approaches, e.g., high-pressure 
processing or laboratory autoclave treatment which yielded protein recoveries ranging from 16.10-
24.30% (w/w). 
The application of UAE as a food-grade extraction protocol at larger scale has been 
previously demonstrated in the extraction of protein from Ulva sp. and Gracilaria sp. [41]. Protein 
recoveries of 70 and 86% (w/w) for Ulva sp. and Gracilaria sp., respectively, were reported (Table 2). 
Moreover, the protein-rich fractions derived from both species exhibited potent ferric reducing 
antioxidant power (FRAP) comparing to bovine serum albumin (BSA), β-lactoglobulin and potato 
protein isolate [41]. The protocol developed was shown to be feasible at industrial scale as it 
resulted in the highest protein yield with a shorter processing time compared to other conventional 
extraction protocols, e.g., combination of sonication with alkaline, reducing agent, ammonium 
sulphate or lysis buffer, which can take up to 2 days. UAE has been exploited for the extraction of 
specific proteins, i.e., R-PE and R-phycocyanin (R-PC) from Rhodophyta [42]. The highest yield of R-
PE and R-PC (77 and 93%, respectively) recovered from G. pusillum was obtained using an optimised 
maceration-assisted UAE treatment (Table 2).  
 
High hydrostatic pressure/pressurized liquid extraction (HHP) 
 HHP improves extraction efficiency as a result of liquid pressurisation (up to 1000 bar), which 
induces destruction of biological tissues [18,22]. Factors affecting extraction yield during HHP 
processing include the choice of liquid/solvent system along with the operating pressure, 
temperature and duration [22]. HHP is considered as an effective green extraction technology due to 
its relatively short processing time, mild operating temperature and high recovery yields (Table 1). 
Therefore, this approach may be suitable for thermally sensitive compounds, however, pressure 
induced conformation changes/denaturation of proteins may need to be taken into consideration. 
 The application of HHP (600 MPa for 4 min) to aid protein extraction from two brown 
seaweeds, F. vesiculosus and Alaria esculenta, and two red seaweeds, P. palmata and Ch. crispus was 
investigated [14]. HHP treatment appeared to be the most effective in aiding protein extraction from 
F. vesiculosus (23.70% (w/w) protein; Table 2). The protein recovery achieved following HHP with the 
other species ranged from 14.90-16.10% (w/w). On the contrary, autoclave treatment yielded higher 
protein content (21.50% (w/w)) than the HHP treatment (14.90% (w/w) protein) in the case of P. 
palmata (Table 2) [14]. However, in the case of So. chordalis, HPP treatment (400 MPa for 20 min) 
only resulted in 2.60% (w/w) increase in protein yield [23]. 
HHP in combination with other extraction techniques has also been investigated, particularly 
HHP-assisted enzyme extraction. HHP facilitates unfolding of protein molecules which allows 
enzymes to more easily access hidden cleavage sites resulting in higher extraction yields [23]. HHP 
treatment (400 MPa for 20 min) alone did not increase protein yield from dried ground P. palmata, 
while HHP-assisted hydrolysis with cellulase and hemicellulase resulted in a significantly 
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improvement (17%) in protein yield compared to the control (Table 2). Furthermore, the extracts 
obtained using HHP-assisted enzyme extraction possessed in vitro antioxidant activity [23]. 
 
Microwave-assisted extraction (MAE) 
 
MAE can be applied to enhance protein extraction by the action of microwave induced vibration of 
water molecules in a solution. This leads to the disruption of hydrogen bonds and migration of 
dissolved ions resulting in increased penetration of the matrix/biomass by the solvent which 
facilitates the extraction of target compounds [18]. MAE was employed to aid protein recovery from 
U. ohnoi. Furthermore, MAE was used in combination with an enzymatic approach [30]. The nitrogen 
content extracted was increased by 16.70-26.40% (w/w) depending on the conditions used 
(123/187°C for 5/17 min) compared to the MAE treated control sample. The processing condition at 
187°C for 5 min yielded the highest extract nitrogen content, i.e., 7.95% (w/w), Table 2 [30]. It was 
suggested that a shorter processing time (5 min) was more effective than a longer processing time (7 
min) at high temperature (187°C). However, this was not the case for lower processing temperatures 
(123°C). Therefore, MAE may not be suitable for the extraction of heat-sensitive bioactive 
compounds. Although it has been recognised as an efficient low energy extraction approach (Table 
1) [18]. MAE has to date been more widely used to extract carbohydrate or phenolic compounds 
rather than bioactive proteins/peptides from seaweed samples [7,8,18]. 
 
Pulsed electric field (PEF) 
 PEF can facilitate protein extraction from macroalgae by generating high voltage (kV) electric 
currents from an electric field with durations ranging between micro to milliseconds. This can result 
in reversible or irreversible electroporation that can disrupt cell membranes and thus facilitate 
protein extraction from macroalgae [7,15,21]. PEF is considered as a rapid and effective green 
technology which can aid the release of intracellular contents from plant cells (Table 1). However, 
some parameters, such as conductivity and electrode gap may limit the widespread application of 
PEF at larger scale [15,21]. 
PEF has been extensively applied to improve protein extraction from green seaweed species. 
For example, protein extraction from Ulva sp. was optimised using osmotic shock combined with PEF 
followed by hydraulic press treatment [43], as described in Table 2. This approach increased protein 
extract from 2.25 to 5.38% (w/v) for the untreated sample and the optimised method, respectively. 
A similar yield of protein from the same species was reported when using PEF combined with 
hydraulic pressure (Table 2) [44]. Another study reported the application of PEF with a custom-made 
insulated gate bipolar transistor-pulsed generator coupled with a gravitation press-electrode to aid 
protein extraction from U. ohnoi [45]. Under optimised conditions (see Table 2), a significant 
enhancement in protein yield, i.e., from 3.16 to 14.94% in the control extract and the extract 
obtained following PEF treatment, respectively, was achieved [45].  
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PEF coupled with mechanical pressing was employed for protein extraction from Ulva sp. An 
optimised protocol (see Table 2) resulted in a 7-fold increase in total protein yield (~20% protein in 
the extract) when compared to an extract obtained using an osmotic shock [46]. Moreover, the PEF 
aided Ulva sp. protein extract exerted significantly higher FRAP and oxygen radical absorbance 
capacity (ORAC) values compared to BSA, β-lactoglobulin and a potato protein isolate. 
  
Sub- and super-critical fluid extraction  
Sub- and super-critical fluid conditions refer to fluid behaviour in liquid- or gas-like states, 
respectively. These techniques have gained some interest in algae protein extraction. Sub-critical 
water extraction is carried out under pressurised conditions (~10 bar) in order to maintain the 
solvent in its liquid state at high temperature (100-374°C) [15,22]. Increased processing 
temperatures under elevated pressure accelerates the extraction kinetics [22]. Supercritical fluid 
extraction has been extensively used in obtaining target compounds including bioactive proteins and 
peptides from plant substrates [8,47]. However, sub- and super-critical fluid extraction have not yet 
been applied to aid protein extraction from seaweeds [47]. 
 
Characterisation of macroalgal proteins by electrophoresis 
Electrophoresis has been routinely applied to identify and distinguish between different 
macroalgal proteins. This technique has been used in investigations associated with protein 
isolation, protein purification [34,48] and the effects of seasonality on macroalgal protein 
composition and content [11,49,50]. It has also been used to characterise peptides arising from the 
in vitro simulated gastrointestinal digestion or enzymatic hydrolysis of proteins [51], and to analyse 
and quantify amino acids including mycosporine-like amino acids (MAAs). Electrophoresis can be 
performed in analytical mode, i.e., to characterise the proteins in the sample, or semipreparative 
mode, where the purpose is to isolate or purify the proteins of interest for further studies.  
While electrophoresis is a simple and relatively inexpensive procedure, its usage in 
separating and identifying macroalgal proteins is associated with a number of issues. Seaweed 
proteins can be embedded in cellular compartments or can be bound to pigments and branched 
polysaccharides such as carrageenan, agar, alginate, fucoidan and laminarin [3]. Therefore, the 
proteins need to be extracted, e.g., using the types of methodology outlined above, prior to their 
separation and visualisation following electrophoresis. Furthermore, prior extraction of the proteins 
can involve the co-extraction of other compounds (e.g., tightly bound carbohydrates and phenolic 
compounds) which make it difficult to achieve good separation and resolution on the subsequent 
application of different electrophoretic techniques [52].  
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One dimensional electrophoresis/ polyacrylamide gel electrophoresis (PAGE) 
Protein band resolution on sodium dodecyl sulphate (SDS)-PAGE depends on the parameters 
of the extraction process along with the macroalgal species used. In the case of aqueous and alkaline 
protein extracts from P. palmata and Porphyra dioica, demonstrated good resolution of protein 
bands in aqueous extract whereas low resolution was observed  for alkaline soluble protein extracts 
[11,49]. SDS-PAGE has been used to monitor the ion-exchange chromatographic purification of R-PE 
from Gr. turuturu [48]. Furthermore, it has been used to compare the extraction efficiency of 
different buffers during the extraction of proteins from Eucheuma cottoni [53]. The extraction of 
proteins from M. pyrifera, and C. chamissoi, by enzyme-assisted extraction was also monitored using 
SDS-PAGE [34]. SDS-PAGE was employed to characterise alkaline and aqueous extracts from P. 
palmata [50] and to monitor the differences in protein profiles as a function of growth season, 
location of harvest and manner of growth (wild vs aquaculture) [49]. Similarly, SDS-PAGE was used 
to analyse and compare seasonal effects on the proteins isolated from Po. dioica [11]. SDS-PAGE 
profiles were also determined for the proteins and glycoproteins of Ulva spp. as a function of growth 
season [12].  
R-PE represent a group of fluorescent proteins, found in red algae, with absorption spectra 
in their native state having three peak maxima at 565, 539 and 498 nm. Preparative electrophoresis 
has been used to purify R-PE from P. palmata [54] and from Halymenia floresia [55]. R-PE was 
purified from P. palmata with a yield of 18.5% on a protein basis by preparative PAGE using a 4% 
stacking gel and a 7% separating gel in 25 mM Tris-HCl, 0.192 M glycine (pH 8.3) buffer at a constant 
flow-rate of 0.4 mL/min. Separated protein was detected by monitoring its pink colour and  
fluorescence maximum emission at 578 nm (excitation wavelength set at 565 nm) [54]. Preparative 
native-PAGE followed by electrophoretic elution has also been employed to purify R-PE from H. 
floresia resulting in a 41.1% yield on a protein basis [55]. 
   
Bidimensional (2D) electrophoresis 
2D electrophoresis permits the separation of proteins according to their molecular mass and 
their isoelectric point [56]. Separation of proteins by their isoelectric point is commonly termed 
isoelectric focusing (IEF) and consists in the application of a pH gradient and electrical current across 
the gel strip. The literature on the application of 2D electrophoresis in the 
separation/characterisation of macroalgal proteins is limited. This may be due to the presence of 
non-protein compounds in macroalgal protein extracts which interferes with 2D electrophoresis. 
One of the first studies using 2D electrophoresis with macroalgal proteins described its use in 
optimisation of protein extraction and in characterising the proteome of the edible alga Gracilaria 
Changii which resulted in the identification of 15 different protein spots [57]. A proteomic study on 
ethanol/phenol extracts from Ecklonia kurome using IEF and SDS-PAGE was performed by Nagai, K., 
Yotsukura, N., Ikegami, H., Kimura, H. and Morimoto, K. [58]. A study of the seasonal changes in 
proteomic profiles of Saccharina japonica (Japanese kelp) was also carried out in ethanol/phenol 
extracts followed by IEF and SDS-PAGE analysis. This resulted in the detection of 564 protein spots, 
100 of which were further identified [59]. A 2D electrophoretic protocol with laser ablation 
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inductively coupled plasma mass spectrometry (ICP-MS) was optimised for the detection of iodine 
containing proteins from the red seaweed Po. umbilicalis (Nori) [60]. This resulted in the detection of 
iodine-containing protein spots with molecular masses in the region of 10, 20, 28, 40 and 110 kDa 
having isoelectric point values between pH 8-9. 
 
Capillary electrophoresis (CE) 
In CE, proteins are subjected to an electric field and migrate through electrolyte solutions in 
a charged capillary tube according to their ionic mobility where separation is influenced by charge, 
shape and size [61]. To the best of our knowledge, the application of CE currently appears to be 
confined to the separation and quantification of macroalgal amino acids and MAAs. MAAs are water 
soluble amino compounds which provide protective effects for macroalgae against ultraviolet 
radiation. Furthermore, these compounds possess antioxidant and anti-ageing activities arising from 
their phenolic hydroxyl structures [62]. Hartmann, A., Murauer, A. and Ganzera, M. [63] developed a 
CE protocol with a diode array detection to identify and quantify MAAs extracted from P. palmata, 
Po. umbilicalis and Porphyra spp. which had limit of detection and limit of quantification values 
below 4.8 and 14.6 μg/mL, respectively. MAA separation was carried out using fused silica capillaries 
and 30 mM sodium tetraborate buffer pH 10.3 with a separation voltage of 25 kV and detection was 
at 320 nm [63]. 
While the application of various electrophoretic techniques shows promise in the analysis, 
identification, quantification and separation of macroalgal proteins, peptides and amino acids, it 
would appear that there is considerable scope for its more widespread utilisation. In the case of 
macroalgal compound analysis and separation, electrophoretic techniques present significant 
opportunities once the extraction of proteins, peptides and amino acids has been optimised to 
remove contaminating compounds such as carbohydrates and polyphenolics.  
 
Generation of macroalgae-derived BAPs 
BAPs  have been associated with numerous effects in the body due to their potential to 
beneficially modulate different biomarkers associated with human health [64]. BAPs, which are 
inactive when encrypted in parent protein sequences, can be released by various methods. Such 
methods include gastrointestinal digestion, microbial fermentation, chemical/physical approaches 
and in vitro enzymatic hydrolysis. Among these approaches, enzymatic hydrolysis is one of the most 
frequently used for BAP release due to its mild operating conditions and the availability of a large 
range of proteolytic enzyme preparations from difference sources (animal, plant and microbial). A 
number of products containing macroalgae-derived BAPs are currently available commercially 
(mainly in Japan). For instance, a  Undaria pinnatifida (Wakame) derived peptide (YNKL) which is sold 
in a gel format (Riken Vitamin Co., Ltd., Tokyo, Japan) and a  Porphyra yezoensis (Nori) derived 
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peptide (AKYSL), which is sold under the trade name Peptide Nori S (Shirako Co., Ltd., Tokyo, Japan), 
both claim to have antihypertensive properties [65,66]. 
The generation of macroalgal protein derived BAPs generally starts with the extraction, 
fractionation, isolation and concentration of the proteins. The resultant protein fractions can then 
be used as substrates for the generation of BAPs. Macroalgal phycobiliproteins and lectins currently 
appear to be the most reported in terms of their ability to act as sources of BAPs having numerous 
bioactive properties [13,52]. Various enzyme activities have been studied for their ability to release 
these BAPs and the hydrolysis conditions employed play a crucial role in determining the bioactive 
properties and potencies of the hydrolysates generated [67]. It is well documented that bioactive 
properties are affected by, e.g., enzyme:substrate, pH, temperature, hydrolysis duration as well as 
the enzyme inactivation conditions employed during the enzymatic hydrolysis of macroalgal proteins 
[37,50]. Furthermore, pre-treatment of macroalgae biomass/protein, such as drying, thermal 
treatment or ultrasound has been reported to increase enzymatic hydrolysis rate leading to the 
optimisation of BAP release [68]. 
Numerous in vitro bioactive properties for macroalgae-derived protein hydrolysates and 
peptides have been reported, these include in vitro antioxidant, anti-inflammatory, anti-
acetylcholinesterase, cardioprotective (renin inhibition, ACE inhibition), immunosuppressive, 
dipeptidyl peptidase-IV (DPP-IV) inhibitory, α-amylase inhibitory, tyrosinase inhibitory, in vitro anti-
proliferative, DNA damage protective effects and anti-hypertensive effects (in spontaneously 
hypertensive rat). The bioactive properties of peptides derived from macroalgae have been 
extensively reviewed in the literature [3,10,52,69]. Table 3 summarises some recent studies outlining 
the generation and characterisation of macroalgal derived BAPs. A sequential enzyme hydrolysis 
process of Po. dioica employing Alcalase® and Flavourzyme resulted in a protein hydrolysate with 
antioxidant (ORAC value 962 μmol Trolox equivalents (TE)/g sample), DPP-IV inhibitory (60.27%; 
tested at 2 mg/mL) and ACE inhibitory (36.43%, tested at 0.5 mg/mL) activities [70]. Papain 
hydrolysed U. lactuca possessed ACE and renin inhibitory activities (82.37 and 3.70%, respectively, 
when tested at 1 mg/mL) [71]. Different enzyme preparations (trypsin, pepsin, papain, α-
chymotrypsin, Alcalase) were employed to generate Gracilariopsis lemaneiformis protein 
hydrolysates [37]. Among the enzymes used, the hydrolysate generated with α-chymotrypsin 
displayed the highest antioxidant activity. The optimized hydrolysis condition, as displayed in Table 
3, resulted in a 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of 75% [37]. 
Characterisation of BAPs  
Different analytical approaches are available to separate and identify BAPs. The following 
section outlines the application of these techniques in the study of macroalgal protein-derived BAPs. 
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The use of electrophoretic techniques has limited applications in the characterisation of food 
derived hydrolysates and peptides due to their low molecular mass and such compounds either run 
off the gel or diffuse away prior to staining.  
Tricine-SDS-PAGE analysis has been used to analyse peptides or small proteins with 
molecular masses less than 30 kDa [72]. For instance, Tricine-SDS-PAGE has been used to 
characterise ACE inhibitory peptides generated by sequential hydrolysis of R-PE (isolated from 
Bangia fusco-purpurea) with pepsin and pancreatin [51]. It was also used to confirm the purity 
(molecular mass of 1.8 kDa) of the anticoagulant peptide NMEKGSSSVVSSRMKQ isolated from a Po. 
yezoensis hydrolysate [73].  
Due to the nature of the hydrolysates/peptides, other electrophoretic separation techniques 
such as 2D and CE are not generally applicable to BAPs, hence chromatographic techniques are 
routinely used for further characterisation.  
 
Analytical chromatography  
The most commonly used chromatographic methods for characterisation of macroalgal-
derived protein hydrolysates and fractions therefrom include reversed phase high- and ultra-
performance liquid chromatography (RP-HPLC and RP-UPLC), size exclusion chromatography (SEC) in 
fast protein liquid chromatography (FPLC) mode and gel permeation chromatography in high 
performance mode (GP-HPLC). RP chromatography is an LC technique that involves the separation of 
molecules on the basis of hydrophobic interactions between the solute molecules in the mobile 
phase and ligands attached to a stationary phase, which in general for peptide separation is 
composed of molecules with 18 carbon atoms (C18). Beaulieu, L., Sirois, M. and Tamigneaux, É. [74] 
used RP-HPLC to show differences in the peptide profiles of P. palmata-derived protein hydrolysate 
fractions (<10 kDa) generated under similar conditions from macroalgal samples harvested from 
different locations and grown under different cultivation conditions. RP-UPLC was used to 
characterise a Po. dioica derived protein isolate and an hydrolysate generated therefrom using 
Alcalase and Flavourzyme [70]. While only seven low intensity peaks were observed in the RP-UPLC 
profile of the intact Po. dioica protein sample (which was potentially related to its low solubility in 
mobile phase A and retention in the filter prior to injection) [70]. The UPLC profile of the hydrolysate 
showed a large number of peptide peaks distributed across the hydrophilic to hydrophobic 
separation range [70]. SEC using an FPLC system was used to identify the predominant molecular 
masses in Pyropia columbina and Ulva spp. derived protein isolates and protein hydrolysates. In 
general, peaks corresponding to lower molecular mass components were observed in the 
hydrolysate profiles while high molecular mass peaks were observed in the SEC profiles of the 
protein isolate [75-80]. While this approach indicated that hydrolysis occurred, it also provided 
information on the molecular mass profile of the hydrolysate as a function of the hydrolysis 
conditions (e.g., enzyme, duration, temperature, etc.). Furthermore, SEC was used to show that the 
Ulva spp. hydrolysate generated with Purazyme and Flavourzyme was resistant to degradation 
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during incubation with gastrointestinal (GI) enzymes in vitro where similar peptide profiles were 
observed pre- and post- in vitro digestion [80]. However, the hydrolysate generated with the alkaline 
protease-Protex 6L and Flavourzyme was not resistant to degradation by GI enzymes, as peaks 
related to high molecular weight components observed pre-digestion were reduced in intensity 
post-digestion with a corresponding increase in peaks associated with low molecular mass peptides 
[80]. P. palmata and Po. dioica protein extracts and hydrolysates have been characterised by GP-
HPLC [11,49,50]. GP-HPLC allows for better resolution of proteins/peptides when compared to SEC 
and within a shorter timeframe. utilised GP-HPLC was utilised to identify the predominant molecular 
mass peaks in protein extracts and hydrolysates from P. palmata and Po. dioica, respectively [11,50]. 
Furthermore, GP-HPLC was utilised to estimate the relative molecular mass distribution of P. 
palmata protein extracts and hydrolysates generated with Alcalase or Corolase PP from samples 
harvested at different times of the year and grown under different conditions [49]. In all samples, 
the hydrolysates generated with Corolase PP had higher levels of peptides <1 kDa compared to the 
same protein samples hydrolysed with Alcalase [49]. Furthermore, the molecular mass distribution 
profiles of hydrolysates generated from samples harvested at different times of the year were 
shown to be different, irrespective of the enzyme used [49]. In addition, similar profiles were 
observed in all molecular mass ranges for the protein extracts and hydrolysates generated from wild 
and cultured samples harvested at the same time of year indicating that the method of growth (wild 
vs aquaculture) had no effect on P. palmata protein profile.[49].  
 
Separation and fractionation of BAPs 
Membrane separation 
Different membrane separation approaches have been used to enrich and concentrate 
peptides. During membrane filtration, the sample is pumped across a semi-permeable membrane 
with specific molecular weight cut-off (MWCO), usually under pressure, generating permeate and 
retentate streams. This separation allows non-hydrolysed proteins and/or large molecular mass 
molecules (e.g., carbohydrates) to be efficiently removed from the sample and only peptides or 
smaller molecular mass components to the permeate. This type of filtration can be divided in several 
groupings, i.e., nano-, micro- and ultrafiltration depending on the molecular mass cut-off of the 
membrane. Ultrafiltration is commonly used to separate peptides with molecular masses between 1-
10 kDa. Table 3 summarises the laboratory-scale application of membrane filtration in the 
processing of seaweed protein hydrolysates and BAPs. Some studies have reported the use of 
ultrafiltration centrifuge tubes, e.g., Amicon Ultra [37,81] or Macrosep Advance Centrifugal devices 
[29], whereas other studies have used cassette-type membranes with separate membrane systems, 
e.g., Millipore Labscale TFF system [82] to fractionate seaweed peptides. The advantages of 
membrane processing is that it is a well-established technique for protein/hydrolysate processing at 
large scale, e.g., in dairy processing [83]. Therefore, results obtained at laboratory-scale can be 
translated quite efficiently to larger-scale. However, to our knowledge, limited or no information is 
www.electrophoresis-journal.com Page 15 Electrophoresis 
 
This article is protected by copyright. All rights reserved. 
15 
 
available on the application of membrane filtration for seaweed protein/peptide processing at large 
scale.  
Depending on the target bioactivity, the permeate or retentate fraction is selected for 
further processing/analysis. For instance, Admassu, H., Gasmalla, M. A. A., Yang, R. and Zhao, W. [84] 
found that the <3 kDa permeates in Porphyra spp. protein hydrolysates had the lowest α-amylase 
half maximal inhibitory concentration (IC50) value. Recently, membrane filtration was applied with 
three MWCO, i.e., 10, 3 and 1 kDa, when processing an U. lactuca protein hydrolysate at laboratory-
scale. The 3 kDa permeate fraction had the highest renin inhibitory activity [71]. On the other hand, 
Beaulieu, L., Bondu, S., Doiron, K., Rioux, L.-E. and Turgeon, S. L. [85] reported that the >10 kDa 
(retentate) of Saccharina longicruris hydrolysates exhibited higher antibacterial activity compared to 
<10 kDa permeate fraction. On the contrary, when the same authors tested these fractions for 
antioxidant and ACE inhibitory activities, it was seen that the <10 kDa fraction had higher activity 
than the >10 kDa retentate in hydrolysates generated from P. palmata, U. lactuca and S. longicruris 
[74,86].   
The fractionation of hydrolysates by membrane filtration has been beneficial in the 
identification of peptides since it is inexpensive, simple and scalable. However, the use of membrane 
filtration has some limitations in peptide separations. For instance, membranes generally have 
minimal specificity meaning that similar molecular mass components co-partition (permeate) with 
the peptides. Furthermore, interactions can occur between peptides and the membrane due to 
different physicochemical properties, e.g., hydrophobicity, pH and charge [87]. Additionally, the 
saturation or fouling of membranes can reduce or impede the transfer of low molecular components 
to the permeate and in some systems a large volume of material is required, due in part to high dead 
volumes, which in the case of seaweed hydrolysates may be a limitation. Therefore, where 
membrane processing is employed in seaweed BAPs research, laboratory-scale membrane filtration 
is employed as a preliminary enrichment step prior to using other separation techniques such as 
chromatographic fractionation [88-90]. However, there are some examples where membrane 
filtration has been used as the main separation/enrichment step prior to peptide identification 
(Table 3)  [91]. 
 
Chromatographic separation  
LC is a highly efficient tool for peptide fractionation allowing the separation of peptides 
based on their different characteristics, e.g., by size (SEC and GP), hydrophobicity (RP) and charge 
(ion exchange (IEX)). Crude or peptide enriched hydrolysates are loaded onto chromatographic 
columns and different fractions corresponding with the eluted peaks are pooled and tested for the 
desired bioactivity. The most potent fractions are then selected and, in some cases, further 
fractionated. 
RP-LC permits the separation of peptides on the basis of differences of their hydrophobicity. This 
type of LC is generally achieved using C18 functionalised separation matrices, although C8 and C4 
derived solid supports can also be used [90]. These columns retain peptides which are then eluted 
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using a gradient of hydrophobic solvent, which is routinely composed of aqueous acetonitrile. SEC or 
GP-HPLC use silica-based columns that separate peptides on the basis of differences in molecular 
mass. This type of chromatography is regularly used prior to peptide identification, since specific 
bioactive properties can be related with molecular mass of the peptides. IEX chromatography 
separates peptides by charge. IEX columns could be of anionic or cationic nature depending on the 
characteristics of the peptide(s) to be retained in the column. Bound peptides can be eluted with a 
gradient of increasing ionic strength or by changing the pH of the mobile phase. One of the 
disadvantages of IEX-based LC separations is that it requires the elimination of ionic components 
(salts) prior to peptide identification. In some instances only one mode of chromatographic 
separation is applied (for instance, SEC [92,93], RP [70,90,94,95] or IEX [85]) and the most bioactive 
fraction is then selected for subsequent peptide identification. However, in the majority of the cases, 
combinations of LC modes are used in order to maximise the purity of the peptides prior to peptide 
identification. Indumathi, P. and Mehta, A. [73] used four sequential steps to fractionate a Po. 
yezoensis hydrolysate, this involved separation on Sephadex G-100, IEX, Sephadex G-25 
chromatography and desalting by Sephadex G-10 coupled with FPLC prior to peptide identification. 
Similarly, a combination of RP matrices, with both RP-solid phase extraction (SPE) and 
semipreparative (SP)-RP-HPLC were used to obtain a P. palmata fraction prior to identification  of 
the peptides by LC-mass spectrometry (MS) [96,97].  
Compared to membrane filtration, the selectivity of LC is significantly higher and allows 
different modes of separation. However, LC is more expensive and involves the use of organic 
solvents such as acetonitrile [98]. 
 
Identification of BAPs 
A range of seaweed derived BAPs sequences reported in the literature are summarised in 
Table 4. The majority of the identified BAPs are from red seaweeds e.g., Gracilariopsis sp., P. 
palmata and Porphyra sp. and brown seaweed such as Saccharina sp. and Undaria sp. To our 
knowledge, Ulva currently appears to be the only green algal species from which BAPs have been 
identified. 
While peptide sequences can be identified using different techniques, MS is the most 
commonly used peptide identification approach reported in the literature. LC coupled with an 
electrospray ionisation (ESI) source is frequently used for peptide identification due to its relatively 
low cost. In ESI, a high voltage is applied to the sample resulting in the ionisation of its compounds. 
The ions are then conducted into a mass analyser system and only selected ions are then analysed 
by the detector. The main mass analysers are quadrupole (Q), time of flight (TOF), ion trap, Q-TOF, 
TOF-TOF and Q-ion trap [99]. Specific systems allow sequencing of peptides due to tandem MS/MS. 
In MS/MS, the compound is ionised, and the mass/charge (m/z) is detected in the first MS. Further 
selected parental ions with a specific m/z are then fragmented (commonly by collision-induced 
dissociation (CID) in an argon collider) and these fragmented ions are then analysed by the second 
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MS. As shown in Table 4, most of the studies in seaweed peptide identification have used LC-ESI-
MS/MS coupled with different mass analysers. While QTOF is the most frequently used [70,84,94-
97,100,101], ion trap or orbitrap analysers have also been employed in peptide mass analysis  
[37,73,91,102,103]. Matrix-assisted laser desorption/ionization (MALDI) is a system in which the 
sample is mixed with a matrix (e.g., α-cyano-4-hydroxytrans-cinnamic acid in 50% ACN containing 
0.1% TFA [81]) and spotted in a stainless steel plate where it is evaporated until dryness and the test 
sample is subsequently ionised with a laser. MALDI is usually coupled with a TOF mass analyser. A 
number of examples of the use of MALDI-TOF for the identification of seaweed BAPs have been 
reported [81,92,93]. Peptide sequencing can then be achieved by the use of specific software 
systems which processes the data from the MS detector into MS or MS/MS spectra, e.g., PEAKS™ 
and Mascot™. Some of this software offers the possibility to analyse peptides by database driven 
analysis (DDA) and de novo sequencing. De novo sequencing consists of the identification of the 
amino acid sequence based on the m/z of the precursor ion and their fragmented ions detected in 
the second MS spectra. Following a series of algorithms, the software deconvolutes the MS 
spectrum and searches similar sequences in protein databases. Both DDA and de novo sequencing 
are often integrated in the data analysis (Table 4). For instance, Harnedy, P. A., O'Keeffe, M. B. and 
FitzGerald, R. J. [96] identified the DPP-IV inhibitory peptides ILAP, LLAP, MAGVDHI from P. palmata 
using the Mascot search engine with the SwissProt Eukaryota database along with the de novo 
sequencing tool, PEAKS Studio 6.0 software. 
Although Edman degradation has been mainly replaced by LC-MS, some studies still use this 
technique for peptide sequencing [104]. Edman degradation consists in the stepwise separation of 
amino acids from the N-terminal sequence of the peptide by the addition of phenyl isothiocyanate 
which reacts with the peptide forming phenylthiohydantoin [105]. Automatic Edman degradation 
was used to elucidate the sequences of the ACE inhibitory peptides, ALLAGDPSVLEDR and 
VVGGTGPVDEWGIAGAR, from the red algae B. fusco-purpurea [51]. However, Edman degradation 
sequencing is often used in combination with MS to detect the masses of peptides. For instance, the 
sequence and mass of nine ACE inhibitory peptides (YRD, AGGEY, VYRT, VDHY, IKGHY, LKNPG, LDY, 
LRY, FEQDWAS) from P. palmata was investigated by Edman degradation in combination with 
MALDI-TOF [89]. Similarly, a combination of Edman degradation and fast atom bombardment (FAB)-
MS techniques were used to identify antihypertensive peptides (YH, KY, PY and IY) from Un. 
pinnatifida [106,107].  
A key point following peptide sequence analysis is identification of the peptide(s) within the 
sequence of the seaweed protein source. As mentioned above, the “database search” tool available 
in the majority of MS analysis software compares the peptide sequences identified and allows 
matching with those from seaweed proteins. However, most of the seaweed proteins have yet to be 
sequenced, and or updated in databases, making this approach challenging. Therefore, some 
authors have instead reported percentage of homology with other macroalgal species. Homology is 
defined as the possible similarity (in this case in protein sequence) of different species that have 
shared ancestors. For instance, during the identification of peptides in a P.palmata hydrolysate only 
those peptides that showed 100% homology with the seaweeds from the genus Rhodophyta, e.g., 
Porphyridium purpureum and Po. yezoensis were further selected prior to bioactivity analysis 
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[96,97]. On the other hand, peptides obtained by de novo analysis are usually between 2-8 amino 
acid residues and, therefore, DDA is ineffective since such short sequences could be identified in 
many proteins including those of non-seaweed origin (especially in the case of di and tri-peptides). 
Therefore, these peptides could be introduced into a basic local alignment search tool (BLAST; 
available at https://blast.ncbi.nlm.nih.gov/Blast.cgi) against specific reported and sequenced 
seaweed proteins. For instance, prior to bioactivity validation, de novo sequences identified within a 
Po. dioica hydrolysate were aligned with different seaweed proteins resulting in the identification of 
eight peptides potentially derived from allophycocyanin, β-phycoerythrin, Ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) and C-phycocyanin [70]. 
 
In silico analysis 
In some instances, a large number of peptides are identified within the hydrolysate and, 
therefore, in silico strategies are employed for peptide selection [64]. In silico digestion allows the 
prediction of peptides released using enzymes with known activity. These peptides can then be 
assessed for their bioactivity potential using online software such as PeptideRanker 
(http://distilldeep.ucd.ie/PeptideRanker/) and databases such as BIOPEP 
(http://www.uwm.edu.pl/biochemia/index.php/en/biopep). A total of 21 potential ACE inhibitory 
peptides from a thermolysin hydrolysate of Grateloupia asiatica, aqueous extracts were identified 
using the ExPASy PeptideCutter tool (https://web.expasy.org/peptide_cutter/) [108]. In a study by 
Garcia-Vaquero, M., Mora, L. and Hayes, M. [71], the ExPASy PeptideCutter tool was used to 
simulate the in silico digestion of 48 peptides identified in a hydrolysate of U. lactuca resulting in the 
identification of 16 peptides with potential ACE and renin inhibitory activity based on information 
provided in the BIOPEP database and PeptideRanker. The BIOPEP database was also used to indicate 
that AVVK and VIAE identified in an hydrolysate of Mastocarpus stellatus had previously been 
reported as antibacterial peptides [100].  
The identification of BAPs can be based on a structure-activity criteria. This requires 
knowledge of the main structure features which are related to the specific bioactive properties of 
peptides. Several studies have used quantitative structure activity relationship (QSAR) approaches in 
order to identify the criteria (hydrophobicity, structural features, bonding properties) for different 
bioactivities [109-112].  
Molecular docking is an in silico approach that investigates the interactions between ligands 
and receptors. These approaches can aid in the identification of macroalgae-derived BAP sequences 
by measuring and ranking the possible interactions between peptide and target receptors 
[91,102,103]. For instance, molecular docking was carried out to predict the interaction between the 
anticoagulant peptide from Po. yezoensis (NMEKGSSSVVSSRMKQ) and the coagulation factor XIIa. 
The study reported that interactions of this peptide with factor XIIa were through hydrogen bonds 
[113]. Molecular docking of peptides derived from U. intestinalis, FGMPLDR and MELVLR, indicated 
that these peptides were able to bind to the active site of ACE through a network of hydrogen bonds 
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and hydrophobic and Van der Waals interactions, and that glycine (G) and Leucine (L) residues within 
the peptides disturb the Zn(II) ion within ACE potentially resulting in inhibition of the enzyme activity 
[103]. The ACE inhibitory activity mechanism of RWDISQPY, identified in a hydrolysate from 
Sargassum maclurei, was also studied by molecular docking. The study reported that  the ACE 
inhibitory activity observed may be linked to the ability of the peptide to bind the active site S1 and 
S2 regions of ACE via short hydrogen bonds [102]. Although molecular docking is a relatively novel 
technique, its use is increasing as it offers significant knowledge on the structure-activity of BAPs.  
Therefore, in silico approaches can have significant potential in the discovery of novel BAPs 
as well as in the mining of complex macroalgae-derived protein hydrolysates for the identification of 
BAPs. 
 
Validation of bioactive properties 
The next step in peptide analysis is validation, in which the selected peptide sequences are 
synthetized and then tested for bioactivity either in vitro or in vivo (Table 3). For instance, one of the 
structure-activity criteria used in the selection of peptides from Po. dioica was the relationship 
between peptides containing alanine (A) residues and ACE and DPP-IV inhibitory activity. However, 
not all the peptides that were synthesised containing an A residue showed ACE and DPP-IV inhibitory 
activity [70]. On the other hand, peptide DYYLR, selected for its potential as an antioxidant peptide 
due to presence of tyrosine (Y) and leucine (L) residues, showed the highest antioxidant activity from 
all the peptides tested [70]. This demonstrates that confirmatory studies are necessary to validate 
the bioactive potencies of the peptides. On the other hand, peptides that have been selected for one 
specific activity could display positive results in other bioactivities and these peptides can be 
considered as multifunctional peptides [114].  
Peptides showing potent effects in vitro ultimately need to be assessed in vivo using animal 
or human studies. To best of our knowledge, no human studies have been performed to date 
regarding seaweed BAPs. However, the antihypertensive effect of seaweed BAPs has been reported 
in spontaneously hypertensive rat (SHR) [91,102,106,107,115]. 
 
Concluding remarks 
Seaweed is a promising and environmentally sustainable source for the obtention of protein 
for food applications and for the generation of BAPs. The approaches reviewed herein demonstrate 
that although a wide variety of techniques are being used to extract protein from seaweed, the yield 
of protein recovered remains quite low. Protein extraction techniques need to be further developed 
in order to limit the co-extraction of other compounds such as carbohydrates and phenolics while 
also improving the efficacy of protein extraction per se. Furthermore, the existence of limited 
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information on seaweed protein primary sequences still represents a barrier in the widespread 
discovery of seaweed derived BAPs. Therefore, further research in seaweed protein sequencing is 
necessary in order to enhance our knowledge of seaweed protein-derived BAPs.   
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Figure legends: 
Figure 1. Schematic of a stepwise approach  for the generation, fractionation and identification of 
bioactive peptides from seaweed. 
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Table 1. The advantages and disadvantages of different protein extraction techniques (modified 
from [8,18,20-22]) 
Extraction technique Advantages Disadvantages 
Chemical/aqueous 
extraction 
- simple and cost effective - can take a long time which may lead to 
partial degradation of the proteins 
Enzyme-assisted 
extraction 
- mild conditions - potentially expensive due to cost of enzyme 
preparation(s) used 
- high protein yield - may lead to undesirable bitter taste due to 
the action of protease side-activities 




- short time required - limitations at industrial scale 
- free of organic solvents - may alter protein structure 
- environmentally friendly - high cost 
Ultrasound assisted 
extraction (UAE) 
- high efficiency due to short time 
with high energy transfer rate 
- decrease in sound wave amplitude with 
distance from source 
 - improved solvent penetration - high energy input 
 - amenable to scale-up  
Pulsed electric field 
(PEF) 
- increased cell permeability - number of parameters need to be 
considered, e.g., field strength, specific energy 
input, pulse number, temperature 
- elevated temperature and 
pressure 
- operation at higher temperature may not be 
suitable for heat sensitive compounds 
- short time required  
High hydrostatic 
pressure/pressurised 
liquid extraction (HPP) 
- moderate processing 
temperature (20-90 ⁰C) 
- modification of (unfolding) protein structure 
- environmentally friendly (green 
technology) 
- high cost 
- short time required  
Subcritical water 
extraction (SCE) 
- high efficiency - high cost 
- environmentally friendly - intensive energy required 
 - minimised waste generation - heat generated may change/degrade protein 
structures 
 
Table 2: Examples of techniques employed to aid protein extraction from seaweed (categorised by 





Protein yield References 
Chlorophyta 
(Green seaweed): 
    
Ulva armoricana endoprotease 6% E:S (dw), 3 h at 50°C 41.40% [38] 
Ulva ohndi PEF coupled with 200 pulses with a field 14.94% protein or [45] 
www.electrophoresis-journal.com Page 26 Electrophoresis 
 
This article is protected by copyright. All rights reserved. 
26 
 
mechanical press strength of 1 kV/cm, pulse 
duration of 50 μs and pulse 
repetition rate of 3 Hz, 
simultaneously with 





than in control 
extract 
Ulva lactuca sonication 
combined with 
salting out 
1% (v/w) dry-milled biomass, 
sonication for 1 h, agitation 
at 4°C overnight. Ammonium 
sulphate (80%, w/v, final 
concentration) was added to 
the supernatant for protein 
precipitation followed by 
dialysis using a 3.5 kDa cut-
off membrane. 
19.60% [31] 
Ulva ohndi MAE milled biomass:water ratio of 
1:34, processing at 187°C for 
5 min in a closed vessel 
system 
7.95% nitrogen 






Ulva sp. osmotic shock 
combined with PEF 
and hydraulic 
pressure 
osmotic shock (fresh 
biomass:water = 140 g:232 
mL H2O) with PEF treatment 
of 50 pulses with 2.3 μs 
duration, 26 kV, 7.26 kV/cm 
field strength (final 
temperature at 26.9⁰C) and 
followed by mechanical 
pressing with 450 N/cm
2
 for 5 
min (x2) 
2.39-fold increase 




Ulva sp. UAE alkaline 
extraction 
dried and ground thalli 
suspended in 10% (v/v) NaOH 
followed by sonication for 2 h 
(repeat alkaline and 
sonication treatment), 
filtered (0.45 µm), dialysed 
using a 2 kDa cut-off 
membrane against distilled 
water 
70% protein [41] 






submerge fresh biomass in 
deionised water 
(140g/232mL) with 70.3 mm 
electrode gap, 50 pulses with 
50 kV field strength, input of 
247 kJ/kg fresh Ulva 
7-fold higher 
protein extraction 
yield compared to 
an osmotic shock 
treatment 
[46] 
Ulva sp. PEF combined with 
hydraulic pressure 
submerge fresh biomass in 
deionised water 
(140g/232mL), 75 pulses, 
electric field strength of 
2.964 kV/cm and pulse 
duration 5.70 µs, delivered at 
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hydraulic pressing 450 N/cm
2
 
for 5 min 
Rhodophyta (Red 
seaweed): 





pH 4.5, 50°C, 12 h, 1:10 E:S 36.10% [34] 
Chondrus crispus sonication 
combined with 
salting out 
2% (w/v) biomass pre-treated 
in sonication bath for 1h at 
42 Hz, then freeze-thaw (at -
80⁰C for 1 h and room 
temperature, respectively) 
prior to precipitation using 
80% (w/v) ammonium 
sulphate final concentration 
(1 h) and dialysis using a 3.5-
kDa cut-off membrane for 24 
h 
35.5% protein [14] 






phosphate system (pH 6, tie-





Gelidium pusillum UAE-maceration 1% (w/v) fresh biomass in 0.1 
M phosphate buffer pH 6.8, 
grinding in mortar and pestle, 
followed by sonication with 
120 µm amplitude, 30⁰C, 10 
min at an ultrasonication 






Palmaria palmata alkaline and 
reducing agent 
0.12 M NaOH, 0.1% (w/v) 
NAC, weight:volume of 
biomass and liquid system at 







frozen wet biomass milled in 
tap water at 1:1 prior to 
addition of xylanase at 37 
U/300 g biomass (wet 
weight). The reaction was 
carried out at 60 ⁰C, stirred at 
overnight100 rpm, then the 
solid-phase was separated 
using a 100-µm sieve 
54.9% protein dry 
weight 
[39] 
Palmaria palmata autoclave 2% (w/v) biomass autoclaved 
at 124⁰C, 0.101 MPa for 2x15 
min cycles, then cooled to 
room temperature prior to 
filtration through a 100-µm 
muslin bag 






6% (w/v) dried ground 
biomass in Tris-HCl pH 5.0 
agitated at 4⁰C overnight, 
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then cellulase was added at 
5% (w/v) and immediately 
pressure-treated at 400 MPa 






homogenised (18,000 rpm, 2 
min) in distilled water at 1:4 
(w/v) of wet weight, stirred 
at 8⁰C for 1 h. The pH was 
adjusted to pH 12, followed 







1% (w/w) enzyme cocktail 
(Sumizyme TG, Sumizyme 
MC, Multifect® CX 15 L and 




Gracilaria sp. UAE- alkaline 
extraction 
dried and ground thalli 
suspended in 
10% (v/v) NaOH followed by 
sonication for 2 h, filter (0.45 
µm), dialysed using a 2 kDa 
cut-off membrane against 
distilled water 
86% protein [41] 
Phaeophyta 
(Brown seaweed): 





dried milled biomass:solvent 
at 1:15, 0.4 M HCl (1 h, 4 ⁰C) 
followed by 0.4 M NaOH (1 h, 
4 ⁰C) 
59.75% [29] 
Fucus vesiculosus HPP 2% (w/v) biomass exposed to 
600 MPa for 4 min and 
filtration through a 100-µm 
muslin bag 
23.7% protein [14] 
Fucus vesiculosus sonication 
combined with 
salting out 
2% (w/v) biomass pre-treated 
in sonication bath for 1 h at 
42 Hz, then freeze-thaw (at -
80⁰C for 1 h and room 
temperature, respectively) 
prior to precipitation using 
80% (w/v) ammonium 
sulphate final concentration 
(1 h) and dialysis using a 3.5 
kDa cut-off for 24 h 











homogenised (18,000 rpm, 2 
min) in distilled water at 1:4 
(w/v) of wet weight, stirred 
at 8 ⁰C for 1 h. The pH was 
adjusted to pH 12.0, followed 
by lowering the pH to pH 2.0 
25.10% [31] 
E:S: enzyme to substrate ratio, PEF: pulsed electric field, MAE: microwave assisted extraction, UAE: ultrasound 
assisted extraction, HHP: high hydrostatic pressure, PEG, polyethylene glycol, NAC: N-Acetyl-L-cysteine. w/w: 
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weight/weight, w/v: weight/volume. * Percentage gain in liquefaction: the proportion of soluble material at 
the end of the process minus the proportion of soluble material at the beginning of the process. 
 
Table 3: Protein extraction, enzymatic hydrolysis, hydrolysate characterisation and bioactivity 

































































60 ⁰C, E:S 












none n/d Pepsin (pH 
2.0, 37⁰C, 





1%, 20 h) 
10, 3 
and 1 











ACE inhibition [90] 































www.electrophoresis-journal.com Page 30 Electrophoresis 
 
This article is protected by copyright. All rights reserved. 
30 
 




E:S 5%, 2 
h) 





















































E:S 1%, 3 
h) 
n/d n/d RP-HPLC 
(C18) 



































(E:S 2%, 2 
h) 
<3 kDa n/d n/d ACE inhibition 







































E:S 1%, 4 
h) 
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E:S 1%, 3 
h), Pepsin 
(pH 2.0, 
37 ⁰C, E:S 








E:S 1%, 3 
h) 
n/d n/d RP-HPLC 
(C18) 








E:S 1%, 4 
h) 





















2.4 L (pH 
7.0, 50 ⁰C, 




7.0, 50 ⁰C, 





















e (pH 4.3, 
55⁰C, E:S 
5%, 3 h) 
Flavourzy
me (pH 
7.0, 55 ⁰C, 
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2.4 L (pH 
7.0, 50⁰C, 
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1%, 2 h), 
Flavourzy
me (pH 
7.0, 50 ⁰C, 
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5%, 1 h) 








n with NaOH 
n/d Pepsin (pH 
2.0, 37⁰C, 
E:S 1%, 3 
h) 
10 and 
















n/d Pepsin (pH 
2.0, 37⁰C, 




















n/d Pepsin (pH 
2.0, 37⁰C, 
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E:S 5%, 4 
h) 
Phaeophyta (Brown seaweed): 
Ecklonia 
cava 




ases and 5 
proteases) 




















1 and 3 














































U/g, 3 h) 
















































n/d Pepsin (pH 
2.0, 45⁰C, 
E:S 3%, 5 
h) 







on in SHR 
[106] 
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n/d: not determined or reported, E:S: enzyme to substrate ratio, PEF: pulsed electric field, MAE: microwave 
assisted extraction, UAE: ultrasound assisted extraction, HHP: high hydrostatic pressure, PEG, polyethylene 
glycol, NAC: N-Acetyl-L-cysteine. w/w: weight/weight, w/v: weight/volume. * Percentage gain in liquefaction: 
the proportion of soluble material at the end of the process minus the proportion of soluble material at the 
beginning of the process. 













































































































DYYLR, AGFY, YLVA, 
MKTPITE, SDFLPDLTDQ, 
























n/d ELWKTF [37] 
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n/d QVEY [81] 





Mas SEQUEST, NCBInr, 
VPGTPKNLDSPR [93] 
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YRD, AGGEY, VYRT, 
VDHY, IKGHY, LKNPG, 
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UniProt and NCBI; 
UniProtKB/TrEMBL 
NIGK [95] 
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n/d n/d n/d AIYK, YKYY, KPYG, YNKL 
[10
6] 
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n/a: not applicable, n/d: not determined or reported, RP: reversed phase HPLC: high performance liquid 
chromatography, UPLC: ultra-performance liquid chromatography, FAB: fast atom bombardment, MS: mass 
spectrometry, Q: quadrupole, TOF: time of flight, NCBI: National Centre for Biotechnology Information, ESI: 
electrospray ionization, MALDI: matrix assisted laser desorption ionization, LTQ: Linear trap quadrupole, m/z 
mass/charge.  
 
 
